An abrupt change in a visual attribute (size) of apparently moving visual stimuli extends the time the changed stimuli is visible even after its physical termination (visible persistence). In this study, we show that elongation of visible persistence is enhanced by an abrupt change in an attribute (frequency) of the sounds presented along with the size-changed apparently moving visual stimuli. This auditory effect disappears when sounds are not associated with the visual stimuli. These results suggest that auditory attribute change can contribute to the establishment of a new object representation and that object-level audio-visual interactions can occur in motion perception.
Introduction
For our perceptual systems, which continuously receive large amounts of input, it is tremendously important to be able to distinguish a single object from the input and preserve single-object continuity across time and space. In visual perception, object-based processing, in which recently sampled information is integrated with an existing representation of the scene, is assumed to be a solution for the brain to realize the distinction and preservation of information (e.g., ''object file" theory; Kahneman, Treisman, & Gibbs, 1992) . Although the spatiotemporal proximity or continuity of inputs is a predominant factor (Scholl, 2001) , the consistency of each object's features is also likely to be an important cue. Moore, Mordkoff, and Enns (2007) demonstrated that an abrupt change in the attribute (size) of an object in an apparent motion sequence extended the time for which the changed object is visible (visible persistence) even after its physical termination (Fig. 1) . They also showed that this elongation of visible persistence did not occur when the visual stimulus moved behind an occluder containing a small hole so that there was a reasonable change in size of the visual stimuli. These results suggest that the object-level changes are likely to cause this phenomenon rather than the retinal-level changes. In a motion display, the visual system is considered to reduce the duration of visible persistence to establish the perception of a single moving object from continuous physical inputs (Burr, 1980) . Moore et al. (2007) suggested that this suppression mechanism does not work in cases where the object representations between the two neighboring frames of a sequence of visual stimuli are different; the perceptual systems establish a new object representation so that the visible persistence of the size-changed stimuli increases in motion sequences (see also Moore & Enns, 2004) .
Our internal representations are established by combining or integrating multisensory inputs, depending on the accuracy and/ or reliability of each input (Welch & Warren, 1986) , to make coherent and robust percepts (Ernst & Bülthoff, 2004) . Thus far, from this perspective, many studies have investigated audio-visual crossmodal contributions to primates' perception. Although the superiority of vision over audition has been reported frequently (e.g., ventriloquism effect, Howard & Templeton, 1966) , recent studies have shown that auditory stimuli can modulate the perception of visual stimuli. For instance, transient auditory stimuli can capture the temporal position of visual stimuli (temporal ventriloquism effect; Vroomen & de Gelder, 2004) . It has also been shown that transient auditory stimuli can enhance the perception of visual stimuli in regard to perceived intensity (Stein, London, Wilkinson, & Price, 1996) , perceived vividness (Sheth & Shimojo, 2004) , and the saliency of visual changes (Noesselt, Bergmann, Hake, Heinze, & Fendrich, 2008) . Furthermore, the presence of multiple auditory stimuli can cause a static visual flash to be perceived as multiple flashes (Shams, Kamitani, & Shimojo, 2000) .
The manner in which object representations are maintained or updated has been investigated mainly with regard to visual modality. Given that our internal representations are established by means of information from a variety of sensory modalities, object representations can also have multimodal characteristics.
Several studies with findings consistent with this idea have shown that object recognition reflects the semantic congruencies of inputs from different sensory modalities (Alpert, Hein, Tsai, Naumer, & Knight, 2008; Hein et al., 2007; Laurienti, Kraft, Maldjian, Burdett, & Wallace, 2004) . This finding indicates that multimodal object representations are established in cognitive or semantic processing stages. However, it is not clear whether the object representations containing multimodal information can be formed in the perceptual processing stage, which would mediate the establishment of cognitive-or semantic-level object representations. In a motion display, object representations are being established and updated in response to incoming physical inputs at the perceptual level (Moore et al., 2007) . In the current study, we measured the duration of visible persistence of an apparently moving object to investigate whether a radical change in an attribute (frequency) of sounds presented along with moving visual stimuli could contribute to the establishment of a new object representation (Moore et al., 2007) .
In Experiment 1, we showed that frequency changes of auditory stimuli could alter the visible persistence of apparently moving visual stimuli. In Experiments 2 and 3, we confirmed that the abrupt onset or offset of auditory stimuli did not have any effect. In Experiment 4, we demonstrated that the effect of frequency changes in auditory stimuli on visible persistence disappeared when the auditory stimuli were difficult to be associated with apparently moving visual stimuli. These findings suggest that object representations can be formed by means of the multisensory integration of auditory and visual information in motion perception and that object-level audio-visual interactions can occur at a perceptual level.
Experiment 1
In Experiment 1, we investigated the effect of auditory attribute changes on the visible persistence of apparently moving visual stimuli. The frequency of auditory stimuli was abruptly changed in the penultimate frame, where the visual stimuli either did or did not change its size in apparent motion sequences.
Methods

Participants and apparatus
Written consent was obtained from each participant before all experiments. The experiments were approved by the local ethics committee of Tohoku University. In Experiment 1, there were 11 participants-two of the authors (S.H. and W.T.) and nine students of Tohoku University who were naive to the purpose of this experiment. All the participants had normal or corrected-to-normal vision and normal hearing. The visual stimuli were presented on a CRT display (Sony Trinitron GDM-FW900, 24-in.) with a resolution of 1600 Â 1200 pixels and a refresh rate of 75 Hz. The auditory stimuli were presented via headphones (SENNHEISER HDA200). A customized PC (Dell-Dimension 8250) and MATLAB (The Mathworks, Inc.) with the Psychophysics Toolbox (Brainard, 1997; Pelli, 1997) were used to control the experiment. The participants were instructed to place their heads on a chin rest.
Stimuli
A white disc (0.6°in diameter, 49.11 cd/m 2 ) was sequentially presented against a gray background (7.28 cd/m 2 ) as an apparent motion stimulus. The disc moved by 15°in every frame of 80 ms, following a circular trajectory whose center was located at a blue fixation point (5.31 cd/m 2 , the CIE coordinates were 0.15 and 0.11; see Fig. 2 ). The radius of the imaginary circle of the motion trajectory was 3°. Two types of pure tone-600 Hz (L tone; SPL = 77.5 dB) and 3000 Hz (H tone; SPL = 71 dB)-were used as auditory stimuli. The duration of each tone was 80 ms with 8 ms of cosine ramp at the onset and offset and was consistent with the duration of each visual frame.
Procedure
In an apparent motion display, the disc was sequentially presented, in synchrony with the tone. In half of the trials, the size of the disc remained constant in all the frames (Without-VisualChange condition); in the other half of the trials, the disc became smaller (0.45°Â 0.45°) at the penultimate frame and returned to the previous size in the last frame (Visual-Change condition) (Fig. 2) . As with previous research (Moore et al., 2007) , our preliminary experiment confirmed that a change in size from smaller to larger did not lead to a sufficient effect. Moreover, in our experimental procedure, the effect of such a size change was found to be highly individual among the participants. We, therefore, introduced only larger-to-smaller changes in the Visual-Change condition. A sequence of either L or H tones-a tone for each framewas constantly presented in the Without-Auditory-Change condition. In the Auditory-Change condition, a sequence of either L or H tones was presented up to the frame before the penultimate frame. Then, the tone was changed from L to H at the penultimate frame for the L tone sequence or vice versa for the H tone sequence and was returned to the previous tone at the last frame (i.e., LHL or HLH in the last three frames). The fundamental tone was the H tone for half of the trials and the L tone for the other half for the Without-Auditory-Change and Auditory-Change conditions. We also set a condition in which the auditory stimuli did not appear in all frames (Without-Sound condition). In addition, we manipulated the number of discs that were actually presented in the last frame. One disc was presented at the final location of the motion trajectory in half of the trials (Single trials), and two discs were presented at the penultimate and final locations of the motion trajectory in the other half (Double trials). In the Double trials, the size of the two discs in the last frame was the same in the Without-Visual-Change condition, but their sizes were different in the Visual-Change condition. We used three independent variables, namely, visual size changes of the disc (2; Visual-Change/Without-Visual-Change), auditory conditions (3; Auditory-Change/ Without-Auditory-Change/Without-Sound), and the number of discs in the last frame (2; Single/Double). The disc started moving at one of four locations (0°, 90°, 180°, or 270°) and moved in either a clockwise or counterclockwise direction for 13 (195°), 19 (285°), or 25 (375°) frames. These variables-initial position, direction of motion, and the duration of the presentation of the disc-were randomized across the trials and counterbalanced among the conditions to prevent the observers from predicting the final location of the disc.
A trial began with the presentation of the fixation circle for 1000 ms. Then, the apparent motion sequence was presented. The participants were asked to fixate their eyes on the fixation circle during the trial and to report how many discs they observed (one or two) in the last frame by using the corresponding buttons. In a practice session, the participants completed 24 trials without tones-the visual size changes of the disc (2) Â the number of discs in the last frame (2) Â the length of the circular motion trajectory (3) Â repetitions (2). When the participants reported observing one disc even though two discs were presented in the last frame, they received error feedback in order for them to be able to set a decisional criterion (Moore et al., 2007) . In the main session, the participants completed 288 trials without feedback-the visual size changes of the disc (2) Â auditory conditions (3) Â the number of discs in the last frame (2) Â the length of the circular motion trajectory (3) Â repetitions (8). The order of each condition was randomized and counterbalanced among the trials in both the practice and main sessions.
Results and discussion
First, the average proportions of the trials in which the participants reported two visual stimuli were calculated (Supplemental Fig. S1A ). From this data, we computed the sensitivity (d-prime) to the perceived number of the stimuli presented in the last frame based on signal detection theory (Macmillan & Creelman, 2004) . The responses of reporting two discs were regarded as ''hit" in the Double trials and as ''false alarm" in the Single trials. This meant that the decrement of the d-prime indicated that two visual stimuli were perceived in the last frame when only one visual stimulus was physically present. In addition, changes of the dprime could be separated from those of criterion, namely, response or decisional biases (e.g., the frequency changes of the auditory stimuli induced the frequent ''two stimuli" responses). We can, therefore, assume that the experimental results cannot be explained simply as a result of a response or decisional bias. The proportions of 0% or 100% were corrected as 1/n or (n À 1)/n, respectively, where n was the total number (24 times) of presentations (Anscombe, 1956; Sorkin, 1999) .
The d-primes obtained in Experiment 1 are shown in Fig. 3 . A two-way repeated-measure analysis of variance (ANOVA) was conducted with visual size changes (2) Â auditory conditions (3). This analysis revealed a significant main effect of the visual size changes (F(1, 10) = 10.70, p < .01), whereas the main effect of the auditory conditions was not significant (F(2, 20) = 2.58, p = .10). An interaction effect between the visual size changes and auditory conditions was also significant (F(2, 20) = 7.69, p < .005); it revealed a significant simple main effect of the auditory conditions in the Visual-Change condition (F(2, 40) = 6.75, p < .005). A post hoc test (Tukey's HSD) revealed that the d-prime in the AuditoryChange condition was smaller than in the other conditions (p < .05). In contrast, a simple main effect of the auditory conditions was not significant in the Without-Visual-Change condition (F(2, 40) = 0.60, p = .56).
The results showed that the size changes in the visual stimuli induced a decrement in the sensitivity (d-prime) to the perceived number of the stimuli, indicating that two visual stimuli were perceived in the last frame when only one visual stimulus was physically presented. This finding was in line with the previous research conducted by Moore et al. (2007) , where the size changes elongated the visible persistence of apparently moving visual stimuli. We also discovered that the frequency changes of the auditory stimuli further decreased the sensitivity in the Visual-Change conditions. Therefore, it was newly suggested that the auditory attribute change could also contribute to the elongation of visible persistence of the apparently moving visual stimuli.
The results of Experiment 1 would suggest that the auditory attribute (frequency) change, as well as the visual attribute change (Moore et al., 2007) , contributed to the establishment of a new object representation of the apparently moving visual stimuli, resulting in elongation of visible persistence. On the other hand, the auditory effect on visible persistence was not observed in the Without-Visual-Change condition. This result indicates another possible interpretation of the current finding: The transient signal contained in the frequency changes of the auditory stimuli may have enhanced perceptual intensity to the size-changed stimuli or served as a cue for the visual size changes. We addressed this issue in the next experiment.
Experiment 2
Previous studies demonstrated that transient auditory signals increased the perceptual intensity or the vividness of visual stimuli (Sheth & Shimojo, 2004; Stein et al., 1996) . One would have assumed that the transient signals induced by the frequency changes of the auditory stimuli might have strengthened the perceptual intensity of the concurrent size-changed visual stimulus so that its visible persistence was elongated in the Visual-Change condition of Experiment 1. It was also shown that auditory transient signals increased the saliency of visual events (Noesselt et al., 2008) . This finding might indicate that the transient signal induced by the frequency changes of the auditory stimuli directed much more attention to the visual size changes (cueing effect on visual size changes) in the Visual-Change condition.
In order to investigate the effect of auditory transient signals on visible persistence, we examined whether the transient onset of an auditory stimulus could affect the visible persistence of the apparently moving visual stimuli in Experiment 2. The effect of auditory stimuli on the visible persistence should be replicated if the auditory transient signal was important for the current phenomenon. 
Methods
Participants and apparatus
This experiment included 10 participants-two of the authors (S.H. and W.T.) and eight students of Tohoku University who were naive to the purpose of this experiment, although seven of them had participated in Experiment 1. All the participants had normal or corrected-to-normal vision and normal hearing. The apparatus was identical to that used in the previous experiment.
Stimuli and procedure
The auditory conditions were modified in this experiment, as compared with those in Experiment 1. In half of the trials, a brief tone (either 600 Hz or 3000 Hz) was abruptly presented at the penultimate frame in synchrony with the appearance of the disc (Auditory-Onset condition); in the other half of the trials, no sound was presented (Without-Sound condition). Apart from these differences, the stimulus parameters and procedures were identical to those used in Experiment 1. The participants completed the main session of 192 trials, which consisted of the visual size changes of the disc (2) Â the number of discs in the last frame (2) Â the length of the circular motion trajectory (3) Â auditory conditions (2) Â repetitions (8).
Results and discussion
We calculated d-primes (Fig. 4A ) based on the average proportions of reporting two visual stimuli (Supplemental Fig. S1B) . A two-way repeated-measure ANOVA was conducted with visual size changes (2) Â auditory conditions (2). Just as in Experiment 1, this analysis revealed a significant main effect of the visual size changes (F(1, 9) = 23.82, p < .001). In contrast, a main effect of the auditory conditions (F(1, 9) = 0.01, p = .95) and an interaction effect between the visual size changes and auditory conditions (F(1, 9) = 4.59, p = .07) were not significant.
The results of Experiment 2 revealed that the visual size changes decreased the sensitivity to the perceived number of stimuli, indicating that visible persistence was elongated. In contrast to Experiment 1, however, the transient onset of auditory stimuli in the penultimate frame did not affect sensitivity. This finding indicates that the auditory transient stimuli alone could not elongate the visible persistence of the apparently moving visual stimuli. Thus, it could be considered that the changes in visible persistence of apparently moving visual stimuli in Experiment 1 could not be attributed to the increment of perceived intensity of visual stimuli or the cueing effect on visual changes.
One might assume that audio-visual interaction attenuated in Experiment 2 because the auditory transient signal suddenly appeared during the continuous presentations of the visual stimuli. We investigated this possibility in the next experiment.
Experiment 3
In Experiment 1, the auditory stimulus was accompanied by a visual stimulus before the frequency changes of the auditory stimuli occurred. However, in Experiment 2, the auditory stimulus appeared suddenly. Such different temporal properties of the audiovisual stimuli should induce less audio-visual interactions . Thus, one could argue that the lack of effect of auditory transient signal on visible persistence might result from fewer opportunities for associations and interactions between the auditory and visual stimuli in Experiment 2. Therefore, in Experiment 3, a situation was tested in which a sequence of tones was accompanied by a sequence of discs in a certain period, and the tone at the penultimate frame disappeared abruptly (i.e., transient offset).
Methods
Participants and apparatus
This experiment included 10 participants-two of the authors (S.H. and W.T.) and eight students of Tohoku University who were naive to the purpose of the experiment, although four of them had participated in the previous experiments. All the participants had normal or corrected-to-normal vision and normal hearing. The apparatus was identical to that used in the previous experiment.
Stimuli and procedure
Two auditory conditions were introduced. For the Without-Offset condition, a tone (600 Hz or 3000 Hz pure tone) was synchronously presented with a disc in all the frames. For the AuditoryOffset condition, a tone abruptly disappeared in the penultimate frame, whereas in the other frames, a tone was synchronously presented with the disc. Apart from these differences, the stimulus parameters and procedures were identical to those used in Experiment 2.
Results and discussion
We calculated d-primes (Fig. 4B ) from the average proportions of reporting two visual stimuli (Supplemental Fig. S1C) . A twoway repeated-measure ANOVA with visual size changes (2) Â auditory conditions (2) revealed a significant main effect of the visual size changes (F(1, 9) = 17.97, p < .005). As in Experiment 2, a main effect of the auditory conditions (F(1, 9) = 0.13, p = .73) and an interaction effect between the visual size changes and auditory conditions (F(1, 9) = 0.11, p = .75) were not significant.
In the current experiment, the auditory stimuli were accompanied by the visual stimuli so that the audio-visual interaction would be more likely to occur, as compared with Experiment 2. Nevertheless, the auditory offset signal in the penultimate frame did not affect sensitivity to the perceived number of visual stimuli in the last frame. This indicated that the auditory transient signal and its resulting effect, such as the cueing effect on visual changes, was not the main factor leading to the elongation of visible persistence observed in Experiment 1.
Experiment 4
In Experiment 1, it could be considered that the transient signal induced by the frequency changes in auditory stimuli contributed to the elongation of visible persistence. However, the results of Experiments 2 and 3 suggested that this idea was not accurate. Rather, the frequency changes in auditory stimuli were found to be likely to contribute to the establishment of a new object representation for the apparently moving visual stimuli and result in elongation of the visible persistence (Moore et al., 2007) . The results of Experiment 1 also suggested that elongation of visible persistence was enhanced only when the frequency change of sounds was accompanied by a change in the attribute (size) of a visual object. The aim of Experiment 4 was to further investigate the objectselective aspect of the auditory effect; we examined whether the effect of the frequency changes in auditory stimuli on the visible persistence of the moving visual stimuli was attenuated when the auditory information was difficult to associate with the visual stimuli. A situation was introduced in which the color of the fixation changed synchronously with a sequence of several tones before a moving disc appeared. This procedure was used so that the tones were more likely to be associated with the fixation than with the moving disc (Fig. 5A) . We hypothesized that if the frequency changes of the auditory stimuli had a selective effect on the visual object associated with the auditory stimuli, the visible persistence of the moving discs would not be elongated.
Methods
Participants and apparatus
This experiment included 10 participants-two of the authors (S.H. and W.T.) and eight students of Tohoku University who were naive to the purpose of the experiment, although six of them had participated in the previous experiments. All the participants had normal or corrected-to-normal vision and normal hearing. The apparatus was identical to that used in the previous experiment.
Stimuli and procedure
Red (13.29 cd/m 2 , the CIE coordinates were 0.64 and 0.0.37) and blue (5.31 cd/m 2 , the CIE coordinates were 0.15 and 0.11) fixation circles (0.5°in diameter) were alternately presented at the center of the display. The presentation duration of each fixation circle gradually decreased by 13.33 ms in each frame from 280 ms to 80 ms for the initial 16 frames and was 80 ms after the 17th frame. A white disc (0.6°in diameter, 49.11 cd/m 2 ) was sequentially presented from the 17th frame to the last frame along a circular trajectory around the alternating red/blue fixation circles (Fig. 5A) . The onset of the white discs was synchronized with the alternation of the fixation circles. The presentation order of the colors of the fixations (from red to blue or vice versa) was randomized across the trials. Except for these stimulus parameters and procedures, the experimental design was identical to those in Experiment 1-the visual size changes of the disc (2; Visual-Change/Without-VisualChange) and auditory conditions (3; Auditory-Change/WithoutAuditory-Change/Without-Sound). In the Auditory-Change and Without-Auditory-Change conditions, the onset of the tones (80 ms duration) was synchronized with that of the alternating red/blue fixation circles.
Results and discussion
We calculated d-primes (Fig. 5B ) based on the averaged proportions of reporting two visual stimuli (Supplemental Fig. S1D ). A two-way repeated-measure ANOVA with visual size changes (2) Â auditory conditions (3) revealed a significant main effect of the visual size changes (F(1, 9) = 20.21, p < .005); a main effect of the auditory conditions was not significant (F(1, 18) = 0.38, p = .69). An interaction effect between the visual size changes and auditory conditions was also significant (F(2, 18) = 4.80, p < .05). However, a simple main effect of the auditory conditions was not significant for both the Visual-Change condition (F(2, 36) = 0.65, p = .53) and the Without-Visual-Change condition (F(2, 36) = 2.95, p = .07).
In the current experiment, an effect of the frequency changes of the auditory stimuli on the sensitivity to the perceived number of stimuli was not observed, even in the Visual-Change condition. In order to directly compare the results of Experiments 1 and 4, we conducted a two-way measure ANOVA (with experiments (2) Â auditory conditions (3)) with regard to the Visual-Change condition. This was performed using a mixture design; the factor of the experiments was regarded as a between-subjects factor because the number and identity of half of the participants were different between the experiments, whereas the factor of the auditory conditions was considered to be a within-subjects factor. In addition to the main effect for the auditory conditions (F(2, 38) = 6.05, p < .01), an interaction effect between factors was also found to be significant (F(2, 38) = 3.82, p < .05). Further analysis of the interaction effect revealed a simple main effect for the auditory conditions in Experiment 1 (F(2, 38) = 9.38, p < .001), and a post hoc test (Tukey's HSD) found that the d-prime in the Auditory-Change condition was smaller than in the other conditions (p < .05). In contrast, a simple main effect for the auditory conditions in Experiment 4 was found not to be significant (F(2, 38) = 0.49, p = .62). These results indicated that the effect of the frequency changes in auditory stimuli on the visible persistence of the apparently moving visual stimuli disappeared when the auditory stimuli were difficult to associate with the moving visual stimuli. This finding suggests that the frequency changes of the auditory stimuli could influence the visible persistence of apparently moving stimuli in an object-selective manner.
One might assume that the blinking fixation diverted the participants' attention from the apparently moving visual stimuli so that the auditory effect disappeared. If this were the case, the effect of the visual size changes would also attenuate or disappear. However, the effect of the visual size changes was almost identical between Experiments 1 and 4; in the direct comparison between the experiments, the main effect of the experiments were not significantly different (F(1, 19) = 0.17, p = .69) (see also Figs. 3 and 5B, and Supplemental Fig. S1A and D) . Therefore, the distracting effect of the blinking fixation did not fully explain the results of Experiment 4.
General discussion
It has been demonstrated previously that changes in a visual attribute (size) can extend the visible time of the changed object, even after its physical termination (visible persistence); this effect was determined by measuring the perceived number of apparently moving visual stimuli at a given moment (Moore et al., 2007) . The aim of the present study was to investigate whether an abrupt change in an attribute (frequency) of auditory stimuli (pure tone) presented with moving visual stimuli could also alter the visible persistence of the stimuli, and how this effect might occur. We found that visible persistence was elongated when an abrupt change in tone was introduced into a sequence of constant tones presented synchronously with apparently moving visual stimuli, only when the visual stimuli included a size change (Experiment 1). We also found that the effects of the frequency changes in auditory stimuli occurred in an object-selective manner; the auditory effect disappeared when the auditory stimuli were difficult to attribute to the apparently moving visual stimuli (Experiment 4 and the direct comparison of the results between Experiments 1 and 4). These findings suggest that changes in an auditory attribute associated with moving visual stimuli can contribute to the elongation of the visible persistence of the stimuli.
It was suspected that transient signals induced by the frequency changes of the auditory stimuli strengthened the perceptual intensity of apparently moving visual stimuli (Stein et al., 1996 : Sheth & Shimojo, 2004 or directed attention to the visual size changes (Noesselt et al., 2008) . However, the results of Experiments 2 and 3 did not show an effect of the transient auditory signals (onset and offset) on the visible persistence of apparently moving visual stimuli. It also has been reported that multiple auditory transients can increase the perceived number of visual stimuli (Shams et al., 2000) . If this mechanism had contributed to the current results, the changes in sensitivity to the perceived number of stimuli should have occurred irrespective of the frequency changes of the auditory stimuli; however, our result did not show this effect. Thus, we consider that the current findings could not be attributed to the change in the perceived number of visual stimuli induced by multiple auditory transients.
It has been suggested that the visual systems encode some visual attributes (color, shape, size, etc.) into an object representation (Kahneman et al., 1992) . Regarding an auditory object, frequency and time components are considered as prominent attributes (Kubovy & van Valkenburg, 2001 ). Moore et al. (2007) suggested that the elongation of visible persistence occurs in objectlevel processing in such a way that the changes in a visual attribute (size) induce the perceptual systems to establish a new object representation. The findings of the current research newly suggest that the audio-visual interaction occurs with the perceptual processing stage where object representations are established. It should be noted that the effect of an auditory attribute (frequency) change on visible persistence was observed when it was accompanied by a change in the visual objects' attribute (size) as shown in Experiment 1. This finding indicates that the auditory attribute change can become effective particularly when the establishment of a new object representation is induced by the visual attribute changes. Our internal representations are established by combining or integrating multisensory inputs, depending on the accuracy and/or reliability of each input (Ernst & Bülthoff, 2004; Welch & Warren, 1986) . In regard to the establishment of visual object representation, it would be reasonable to assume that the perceptual systems receive information predominantly from the visual modality, because the information is more reliable and accurate than that from the other sensory modalities.
The results of Experiment 4 indicated that the change in an auditory attribute could not affect the visible persistence of the apparently moving stimuli when the auditory information was not associated with it. The temporal properties (duration in each, total duration presented together, onset timing, and so on) of the auditory and moving visual stimuli in Experiment 1 were identical to those in Experiment 4, except for the presentation of the blinking fixation. Thus, this object-selective aspect could not be fully explained by audio-visual interactions at the sensory input level . Based on these findings, we would consider that changes in an auditory attribute contribute to the establishment of a new object representation and that object representations can be formed by the multimodal integration of auditory and visual information in motion perception.
Similarly, Vroomen and de Gelder (2000) reported that the frequency change in an auditory stimulus elongated the visible persistence of a static visual stimulus. In their experiment, the sequence of visual dot patterns appeared on the display, synchronized with the sequence of auditory stimuli. They reported that the transient change in the frequency of the auditory stimuli temporarily ''froze" the perception of the visual pattern, and thus the detection performance for the positions of dot patterns was improved. The current study further revealed that the effect of the frequency changes in auditory stimuli occurred in a dynamic situation (i.e., motion), in which object representations were being established and updated in response to incoming physical inputs.
Most importantly, our original finding is that the effect of the frequency changes of the auditory stimuli occurred in an objectselective manner. A recent paper (Ngo & Spence, 2010) suggests that a transient auditory signal could also induce the freezing effect, as was also shown by Vroomen and de Gelder (2000) . In contrast, transient auditory signals did not lead to an obvious effect in the present research. In this respect, the auditory onset signal did not produce elongation of visible persistence when sounds were not associated with the moving visual stimuli (Experiment 2). Furthermore, the auditory offset signal did not show a clear effect even when the sounds were accompanied by moving visual stimuli before the offset was presented (Experiment 3). A previous study (Moore et al., 2007) suggested that it was not changes of object feature (size) itself but the resulting object-level change that was fundamental to elongation of visible persistence in the motion display, where the visual system was regarded as reducing the duration of visible persistence through establishing the perception of a single moving object from continuous physical inputs (Burr, 1980) . Our findings similarly suggest that changes of auditory attributes could affect visible persistence when auditory information is encoded as an object attribute of moving visual objects. Moreover, it was also suggested that relative changes of an auditory attribute (i.e., frequency), as bound to a visual stimulus, is important for the elongation of visible persistence or the establishment of a new object representation rather than the transient changes of sounds (i.e., onset or offset). Whereas the underlying mechanism leading to the freezing effect could be considered as a multimodal interaction at a sensory or attentional level (Ngo & Spence, 2010) , the current findings would be mainly based on an object-level audio-visual interaction.
One could assume that a congruency effect exists between the sounds and visual stimuli. For example, Gallace and Spence (2006) reported a synesthetic congruency effect, where high-fre-quency tones were found to be naturally associated with small circles or vice versa. In our motion display, the visual stimuli became smaller in the Visual-Change condition so that the frequency changes from the higher to the lower tone might have been more effective than the opposite changes. In order to check this possibility, we compared the d-primes of H to L and L to H sequences in the Auditory-Change condition with regard to the With-Visual change condition for Experiment 1, and found no difference (see Supplemental Fig. S2 ). As indicated by previous research (Gallace & Spence, 2006) , the synesthetic congruency effect could be based on cognitive processing or associative learning. We speculate, however, that elongation of visible persistence would occur at a perceptual processing stage. It might further be possible that the pair of audio-visual stimuli used in our experiment was incongruent with regard to associative learning in terms of triggering the synesthetic congruency effect. A detailed investigation regarding this issue is, however, beyond the scope of the current study and would be better addressed through future research.
Some researchers have recently reported that audio-visual interactions occurred in the object recognition process. Laurienti et al. (2004) demonstrated that the reaction time to detect a visual blue circle was decreased when the visual stimulus was accompanied by auditory stimuli that were semantically congruent with the visual stimuli (blue, in this case). It was also demonstrated that semantically similar or congruent crossmodal stimuli enhanced the activation of brain areas involved in multimodal information processing (Amedi, von Kriegstein, van Atteveldt, Beauchamp, & Naumer, 2004) . For example, the presentation of pictures of animals (e.g., a cat) with their unique sounds (meow) was reported to enhance the activation of the inferior frontal cortex and superior temporal sulcus (Hein et al., 2007) and induce faster activation of the superior temporal gyrus (Alpert et al., 2008) . These findings indicate that the object-level interactions between the auditory and visual stimuli occur at the cognitive level. However, it is also a fact that cognitive-level object representations are not congenitally established but are developmentally acquired by paired associate learning between the auditory and visual inputs (Morrongiello, Fenwick, & Chance, 1998) . The present findings suggest that object-level audio-visual interactions occur at the perceptual level and that the perceptual systems integrate auditory and visual information as attributes of object representation at that level. In consideration of the previous findings (Amedi et al., 2004; Laurienti et al., 2004; Morrongiello et al., 1998) , we could assume that this mechanism would contribute to or mediate the establishment of cognitive-or semantic-level object representations in later, relatively higher processing stages.
Conclusions
The current study demonstrated that an abrupt change in an attribute of contingent auditory stimuli could contribute to the elongation of visible persistence of an apparently moving visual object in an object-selective manner. The results also confirmed that transient auditory signals were not a decisive factor in the current findings. These results suggest that object representations can be formed by means of the multisensory integration of auditory and visual information in motion perception and that object-level audio-visual interaction can occur at the perceptual level.
